Gaining information of species, temperature, and velocity distributions in turbulent combustion and high-speed reactive flows is challenging, particularly for conducting measurements without influencing the experimental object itself. The use of optical and spectroscopic techniques, and in particular laser-based diagnostics, has shown outstanding abilities for performing non-intrusive in situ diagnostics. The development of instrumentation, such as robust lasers with high pulse energy, ultra-short pulse duration, and high repetition rate along with digitized cameras exhibiting high sensitivity, large dynamic range, and frame rates on the order of MHz, has opened up for temporally and spatially resolved volumetric measurements of extreme dynamics and complexities. The aim of this article is to present selected important laser-based techniques for gas-phase diagnostics focusing on their applications in combustion and aerospace engineering. Applicable laser-based techniques for investigations of turbulent flows and combustion such as planar laser-induced fluorescence, Raman and Rayleigh scattering, coherent anti-Stokes Raman scattering, laser-induced grating scattering, particle image velocimetry, laser Doppler anemometry, and tomographic imaging are reviewed and described with some background physics. In addition, demands on instrumentation are further discussed to give insight in the possibilities that are offered by laser flow diagnostics.
Introduction
According to major encyclopedias (e.g., Stanzione 1 ), aerospace engineering is the primary field of engineering concerned with the design, development, construction, testing, and operation of vehicles operating in the Earth's atmosphere or in outer space. It is a highly interdisciplinary field involving sub-disciplines such as structural design, advanced materials, avionics, and control as well as aerodynamics and propulsion systems. The latter two are usually concerned with high-speed reacting and non-reacting flows. These processes are very complex as they combine turbulence at high Reynolds numbers, chemical reactions involving hundreds of species and multiple pathways, and heat and mass transfer. It is needless to say that this leads to a multi-dimensional and multiscale problem. In terms of dimensionality, the phenomena need to be unraveled in three-dimensional (3D) space and time. Regarding the scales, there are many orders of magnitude to be covered. 2 Spatial scales range from the atomistic (10 -10 m) to the system level (10 2 m) and beyond. At the same time, temporal scales range from femtoseconds (10 -15 s), e.g., for chemical reactions, to minutes and hours (10 3 s).
To unravel the phenomena present in aerospace flows, many computational and experimental methods have been developed over the past decades. At the computational end, direct numerical simulation (DNS), 3 large eddy simulation (LES), 4 and Reynolds-averaged Navier-Stokes (RANS) 5 approaches and combinations of them 6 are commonly employed. At the experimental end, optical diagnostics are the state of the art as they allow a nonintrusive investigation of high-speed flows, 7 reacting flows, 8, 9 and multiphase flows [10] [11] [12] with high temporal and spatial resolution. However, the best approach to gain a full picture of the ongoing phenomena is certainly to combine experiments and computations. 13 This does not only allow an advanced model development and validation, but also feeds back valuable information about the measurement points and conditions at which experiments will provide the most insightful data sets.
This review focuses on the recent advances of selected optical diagnostics in combustion and aerospace research. The techniques covered include methods for major and minor species detection, methods for thermometry, methods for flow field measurements, as well as methods for tomographic imaging. First, laser-induced fluorescence (LIF) applications are reviewed, as LIF imaging of reaction intermediates and tracer molecules is a key technique in studying the turbulence-chemistry interactions in turbulent reacting flows. It should, however, be emphasized that we merely consider gas-phase measurements and thus omitting multiphase applications such as sprays. Second, spontaneous scattering methods in terms of Raman and Rayleigh scattering, which are often employed to detect major species and to measure the temperature, respectively, are discussed. Third, nonlinear optical diagnostics in terms of coherent anti-Stokes Raman scattering (CARS) and laser-induced grating scattering (LIGS) are covered. Such nonlinear approaches are particularly useful in systems with limited optical access. Fourth, particle image velocimetry (PIV) and laser Doppler anemometry (LDA) are reviewed. They represent the gold standards in characterizing the flow field. Thereafter, approaches to tomographic imaging are introduced and discussed. These methods have the potential to obtain multi-dimensional information and are gaining an ever-increasing interest in combustion and aerospace engineering. The last chapter concludes and gives an outlook to possible future developments.
Laser-Induced Fluorescence
The term fluorescence is defined as radiation that is being spontaneously emitted from an atom, or molecule, as it transits from an excited state to a lower quantum state. This emitted light has certain spectral characteristics that correspond to the quantum energy structure of the species. For atomic and diatomic species, their energy states are typically well separated and thus different transitions can be studied separately. All species have their unique spectral signature in terms of peaks in the emission spectrum. Such spectral signatures of, for example, OH* and CH* can be seen in flame chemiluminescence. These excited species are intermediate products from the flame chemistry and emit luminescence in a volume close to the flame front. 14 A schematic image of a de-excitation process from excited molecules is illustrated in an energy potential diagram in Figure 1 .
Chemiluminescence, however, does not give a full representation of the chemical composition or the thermal equilibrium of the entire combustion volume. One way of investigating the chemical and physical properties of the combustion is to make species of interest fluorescing in a controlled way. This can be done by tuning the wavelength of a laser to a rovibronic quantum transition of that particular species. The species absorbs energy of a photon by transcending to an excited state and could thereafter emit a new photon in a de-excitation process that is detectable for analysis. A typical excitation-de-excitation scheme of the hydroxyl radical is displayed in Figure 2a .
The power of a detected LIF signal (in the linear regime) stemming from an excitation scheme from the ground state m to the excited state n can be expressed as
Experimental collection efficiency parameters, such as solid angle, detector quantum efficiency, filter functions, etc., are included in C exp . The number density of target Figure 1 . Schematic of the molecular energy structure displaying energy states with different vibrational and rotational quantum numbers within two electronic potentials. Fluorescence light with a spectral energy distribution is emitted as the molecule relaxes to its electronic ground state. molecules (N 0 ) in the detection volume lA ð Þ has to be weighted by the temperature dependent Boltzmann fraction ( f T ð Þ) to capture the number density of target molecules that can be excited. The transition rate (or absorption rate) is described by the terms
Þ do, which involve the integrated overlap of the spectral laser profile and the molecular absorption line width as well as the Einstein coefficient (B mn ). The Einstein coefficient is related to the absorption cross-section of a particular rovibronic transition. The relation between Einstein coefficients, absorption cross-sections, and such are described in detail in Hilborn. 15 Finally, the LIF signal is dependent on the Stern-Volmer factor, which basically describes the fraction of excited molecules that actually emit a photon. The competing loss factor is seen in the denominator as Q nm T, N c ð Þ and it is called the collisional quenching rate. A schematic of collisional quenching is displayed in Figure 2b , where the collisional quenching prevents fluorescence from being emitted. It should be mentioned that the expression in Eq. 1 merely includes a simplified Stern-Volmer factor, only involving collisional quenching as a non-radiative process that is competing with spontaneous emission. A deeper understanding of the physics behind LIF is found in the literature 16, 17 and the references therein.
In case of chemical reactive flows, there are a number of species that can be targeted by LIF. Typical species that are of particular interest in LIF studies of hydrocarbon combustion are listed in Table 1 , along with commonly used excitation and approximate emission wavelengths.
The hydroxyl radical, OH, is a key species in combustion chemistry but is mostly observed in the post-flame region where it is in super-equilibrium concentration resulting in strong signals with a distinct gradient at the flame front. 26, 27 Therefore, OH has been frequently used for tracing the position of the flame front by tracking steep gradients in the OH-planar laser-induced fluorescence (PLIF) image data. [28] [29] [30] Another approach to track the flame front region is to visualize CH or HCO, which are intermediate combustion species that form and be consumed in this thin layer. [31] [32] [33] [34] [35] The region where the preheating chemistry occurs, i.e., before the actual flame front, can be visualized by performing PLIF on formaldehyde, CH 2 O. 36 Simultaneous PLIF images of CH, CH 2 O, and OH in turbulent conditions are displayed in Figure 3 .
In studies where nitrogen chemistry is investigated, intermediate species such as CN or the more stable NO molecule can be investigated with PLIF. 22 In addition, (a) Excitation-de-excitation scheme of an OH radical starting with absorption (283 nm) and excitation followed by deexcitation and emission with a spectral characteristic (around 308 nm). (b) Excitation-de-excitation scheme of an OH radical where the excited molecule is being collisionally quenched by another molecule and the energy is redistributed to the gas as heat without emitting fluorescence.
NO has been extensively used in flow studies to capture dynamics of high flow velocities. Nitric oxide can, for example, be used to study effects of boundary layers using flow-tagging velocimetry 38 or rapid flow dynamics using burst-mode laser systems. 39 Atomic species, such as hydrogen and oxygen, can be excited by two-photon absorption where ultra-short laser pulses are advantageous due to the combination of high peak powers and moderate pulse energy, boosting signal to noise and minimizing photochemical interferences. 24, 25 Planar laser-induced fluorescence has also been used to image tracer species that are seeded into gas flows. Three commonly used tracer species, along with their excitation and emission wavelengths, are given in Table 2 . These species are larger molecules with more complex energy diagrams than the small species discussed above. Thus, they have absorption spectra that are more continuumlike in the ultraviolet (UV). Tunable dye lasers are therefore not required. This opens up for using the fundamental or higher order harmonics of standard laser wavelengths, for example, of solid state or excimer lasers. This advantage does not only make the experimental setup less complex and costly, but more pulse energy is also available when the pump laser can be directly used.
The tracer molecules that are listed in Table 2 are all combustible and thus cannot be used to study burned gas mixtures. However, studies of flow dynamics or gas mixing are quite straightforward to carry out in two dimensions if temperature and ambient collisional quenching partners are carefully considered 44 and increased experimental complexity could also enable 3D high speed imaging of gas flow mixing using tomographic reconstruction. 45 A large amount of work has been addressed to fully understand the effect of ambient conditions on the fluorescence properties of seeding molecules. In this work, where the effect of temperature, pressure, and colliding partner molecules has been investigated, a number of different techniques have been developed where the actual LIF signal can be used to determine the properties of the gas. Detailed photochemical analysis of acetone has been documented by Thurber, 46 whereas Koch 47 carried out similar analysis on 3-pentanon and toluene.
Detailed knowledge about temporal characteristics of toluene fluorescence signals have been studied and utilized for temperature and oxygen concentrations determination. [48] [49] [50] Being able to determine lifetimes as short as nanoseconds will require shorter laser-pulse durations and hence picosecond lasers are used in such measurements. With picosecond laser pulses, fluorescence-lifetime data can be acquired in two dimensions using either intensified chargecoupled device (CCD) cameras or streak cameras. 51, 52 However, averaging of signals with fluctuating fluorescence lifetimes will cause under-prediction of the resulting fluorescence lifetime. Therefore, experimental schemes have been developed to meet up with demands for turbulent conditions using dual intensified CCD cameras where the different gating of the cameras were used to determine the fluorescence lifetimes. 53, 54 The dual imaging concept has also been demonstrated in flames to study spatial differences in fluorescence lifetimes of intermediate combustion species. 55 There are two commonly used approaches to determine temperature from LIF data when nanosecond laser pulses are used. The emission spectra of the LIF signal for some molecules are shifted with temperature. Such spectral analysis of the LIF signal can be done in a point or along a line using a spectrograph. In situations where two-dimensional (2D) data are required, two images can be acquired through different spectral bandpass filters to capture different spectral content of the signal. The images can either be captured using two separate cameras or by a single camera equipped with stereoscopic optics. Such measurements utilize calibration curves where a ratio of the two detector signals corresponds to a unique temperature. Such temperature measurements were carried out using toluene by Estruch-Samper et al. 56 and Miller et al. 57 in a hypersonic and supersonic flow, respectively. A second approach is to use two different excitation wavelengths to probe different molecular rovibronic transitions of the target molecule. As can be seen from the Boltzmann distribution, 17 higher molecular states are being populated at higher translational temperatures and thus a ratio of these LIF signals is dependent on the gas temperature. Such two-line excitation concepts have been demonstrated in turbulent flows at intermediate temperatures by Thurber et al. 58 using acetone and with 3-pentanone by Koch et al. 59 Natural occurring combustion species, such as OH 60 or seeded atomic species, such as indium (In), 61 can be used for thermometry at temperatures above ignition.
Spontaneous Molecular Scattering Techniques
Knowledge about molecular systems does not necessarily require the wavelength of the laser to be tuned to a transition within the molecular energy structure since molecules themselves scatter off photons. One elastic molecularscattering process that could be used to measure number 250-320 nm 250-320 nm 42, 43 densities is called Rayleigh scattering. Rayleigh scattering is termed elastic because the molecule does not transit between quantum states as a result of the scattering process and does thus not exchange energy with the photon. Raman scattering, on the contrary, will exchange energy in the scattering process and will thus change the internal energy of the molecule. Therefore, Raman scattering is called an inelastic scattering process where the target molecule tags the scattered photon with its molecular energy structure. It should, however, be mentioned that the translational motion of the scattering species is seen as a shift in wavelength of the scattered light as Doppler broadening.
Raman and Rayleigh scattering are processes resulting from an interaction between the electrical field (of a laser beam, for example) and the polarizability of the molecule. The polarizability of a molecule has an equilibrium term and a dynamic term where the dynamic term is a result of the motion of the molecule due to rotation and vibration. Rayleigh scattering is a result of the interaction between the laser beam and the equilibrium term, whereas interactions with the dynamic term result in Raman scattering. The scattering processes (1) (2) (3) (4) , seen in Figure 4 , are displayed as transitions though virtual energy states, where the ground states can be of different rotational-vibrational quantum numbers. A more detailed description of spontaneous molecular scattering is presented in the textbooks 16, 17, 62 and the references therein.
Rayleigh scattering in the gas phase is mostly used for calibration purposes, for example to calibrate induced fluorescence signals 63 or to determine temperature. 27, 64, 65 The Rayleigh scattering signal intensity is proportional to the number density of molecules (N) weighted by their effective Rayleigh cross-section (ðds=dÞ eff ). The effective Rayleigh cross-section of a gas mixture, in turn, is a sum of mole-fraction-weighted cross-sections. The effective crosssection might be an important consideration in case of dealing with reactive flows with steep concentration gradients where the present molecules have large variety in cross-sections. For combustion of premixed simple hydrocarbon fuels, however, the difference in effective cross-section is on the order of 10%. 17 Careful consideration regarding polarization properties of the laser is crucial in order to maximize the signal when performing Rayleigh scattering measurements. The polarization of the laser beam should be perpendicular to the plane that is formed by the optical axis of the laser beam propagation and the collection optics in the probe volume to maximize signal detection efficiency. The optimal polarization of the laser light is shown in Figure 5 for the most commonly adopted collection configuration.
Spontaneous Rayleigh thermometry involves a calibration measurement, which, for convenience, most often is performed in air at room temperature (T RT ). With the two measurements carried out with the same optical arrangement and identical laser energies, the number density in the gas can be expressed as
A final expression for the temperature is found by employing the ideal gas law:
With the signal being inversely proportional to the temperature, averaged Rayleigh data should be treated with caution since fluctuating temperature fields result in under-prediction of averaged temperatures. One major issue in spontaneous Rayleigh thermometry is interfering background signal from spuriously scattered laser light. Such signals cannot be circumvented by conventional filters since the scattering signal appears at the same wavelength as the laser. One could, however, acquire the laser-induced scattering background having the measurement volume filled with a gas with negligible Rayleigh cross-section. 66 Another approach could be to use structured illumination to frequency encode the Rayleigh scattering signal and remove the non-encoded laser scattering background through frequency analysis in the post-processing analysis. 67, 68 To some extent, one could use polarization filters to refine the Rayleigh signal since it has a strong polarization bias. This filtering scheme is, however, most often of limited use since background reflections also carry polarization properties from the laser. One of the more sophisticated methods for laser-scattering suppression in Rayleigh thermometry is called filtered Rayleigh scattering (FRS). 69, 70 The idea behind FRS is to combine a narrowband laser with an atomic bandpass filter. The wavelength of the laser has to be tuned to match the atomic absorption filter. The spectral profile of the Rayleigh signal is slightly broadened due to the Doppler effect and can thus be detected whereas scattering from hard targets or larger particles is being suppressed by the atomic filter. This approach enables possibilities of performing Rayleigh thermometry in harsh environments with particles in the probe volume. A common approach to perform Rayleigh measurements is to use a 90 angle collection configuration. 71 In case of limited optical access, a picosecond lidar (light detection and ranging) concept can be adapted where the back-scattered Rayleigh signal 72-74 is collected. The short pulse duration is employed in picosecond lidar to spatially resolve the temperature distribution.
Raman signals are most often studied using spectrometers since the signal carry information of the molecular content in the probe volume. Similar to Rayleigh, Raman scattering signals scales linearly with molecular number density and the molecular specific Raman cross-section. The cross-section, however, is typically on the order of three magnitudes smaller than for Rayleigh scattering. 17 On the other hand, sharp spectral filters can be used to suppress elastic scattered laser light since the Raman peaks are spectrally shifted from the fundamental laser wavelength. In case of performing Raman scattering in harsh conditions, it might be necessary to suppress the scattering even further by using tandem spectrographs 75 or by employing spatial tagging of the laser light at the spectrometer slit, allowing frequency analysis to remove strong laserlight components that are scattered in the spectrometer. 76 Further, the polarization properties of the Raman signal are different from long-lived LIF interferences (which essentially are depolarized). Polarization filters could thus be used to minimize such interferences. 77 In most cases, however, even if the signal-to-interference ratio is small, the signalto-noise (S/N) ratio of Raman scattering needs substantial improvement. There are typically a few standard approaches to increase the Raman signal. The obvious approach is simply to increase the average power of the laser, either by using higher pulse energies or increasing the repetition rate. Another approach to increase the average laser power in the probe volume is to use a multipass arrangement, exemplified in Figure 6 . Using shorter wavelengths in Raman and Rayleigh scattering measurements is advantageous in terms of signal power since the crosssections scales with laser frequency as the power of 4. 62, 78 However, a drawback that follows with shorter wavelengths is interfering fluorescence, especially if UV light is used. Measurement schemes with wavelength modulation 79 Figure 6 . An example of a multipass arrangement to enhance the average laser power in the probe volume. or temporal gating [80] [81] [82] [83] have been developed and analyzed over the years for dealing with problems with interfering fluorescence in Raman measurements.
The molecular signatures in the Raman scattering spectra have been extensively used to measure species concentrations. [84] [85] [86] [87] Quantitative species concentration measurements are rather straightforward to carry out from Raman scattering data compared to LIF since Raman is independent of collisional quenching. Further, the spectral features of the Raman signal can be used for temperature measurements. There are two major approaches for determining temperatures from spontaneous Raman signals. One is to exploit the Stokes and anti-Stokes components in the vibrational Raman spectrum since their relative signal strength is dependent on the population distribution in the electronic ground state of the molecule. [88] [89] [90] [91] The ratio of Stokes and anti-Stokes can be expressed as
where n is the frequency of the pump laser, n R is the vibrational resonance frequency, and T is temperature. Another approach is to use the rotational Raman features to extract temperature information by using the entire spectra and compare it to simulated ones. 92, 93 Advanced Diagnostics Using Nonlinear Optical Methods
Laser diagnostics utilizing nonlinear optical effects are experiencing an ever-increasing interest in combustion and aerospace research. The main reason is that these measurement techniques are ideal for discriminating the signal against strong background interferences, which are common in reacting and high-speed flows. Nonlinear optical phenomena arise from interactions of multiple photons, which are typically provided from several laser sources, with molecules or atoms. The response of the medium to the exposure to multiple electromagnetic fields can be expressed as its polarization P as function of the frequency o
where e 0 is the permittivity of free space, w i is the susceptibility of ith order, and E is the electric field amplitude. In the gas phase, third order effects are the most commonly utilized nonlinear phenomena. Therein, three waves incident on the medium produce a fourth wave radiated by the induced nonlinear polarization. Hence, these interactions are commonly termed four-wave mixing (FWM). A prerequisite for generating a strong signal with a FWM process is the fulfillment of the phase matching condition. In other words, the incident waves must be in phase with each other in order to drive the nonlinear process effectively. This means that the laser beams involved have to be overlapped in space and time coherently. Since the signal wave is phase matched with the incident waves as well, the signal is generated in the interaction volume as a laser-like beam. This characteristic is a key feature as it means that the entire nonlinear signal can be collected using optics with small numerical aperture. Hence, isotropically emitted interferences from the measurement volume can easily be suppressed by spatial filtering. Further details of the theoretical principles of nonlinear phenomena can be found in a number of textbooks 17, 62, 94 and review articles. 95, 96 The list of FWM techniques for advanced optical diagnostics is quite long and includes degenerate four-wave mixing (DFWM), [97] [98] [99] [100] [101] two-color FWM (TC-FWM), [102] [103] [104] [105] polarization spectroscopy (PS), [106] [107] [108] [109] [110] [111] CARS, 96 and LIGS also known as laser-induced thermal acoustics (LITA). [112] [113] [114] In the following, we will focus on the developments of the two latter, CARS and LIGS, and eventually review combined applications of linear and nonlinear methods. These combinations can be very beneficial as they allow the simultaneous determination of multiple parameters.
Coherent Anti-Stokes Raman Scattering
The energy level diagram in Figure 7 illustrates the CARS process and emphasizes its FWM character. It can be described as a two-step process, in which a pump (green arrow) and a Stokes (red arrow) laser drive Raman transitions coherently via a two-photon transition. A third laser (blue arrow), called the probe laser, is scattered off this Raman coherence to give rise to the CARS signal (violet arrow). When the common Q-switched lasers are employed in this process, all three laser beams have to overlap in time as the dephasing of the Raman coherence is much faster than the nanosecond duration of the laser pulses. The signal is then analyzed in the frequency domain using a spectrograph. However, using picosecond or femtosecond pulses allows time-resolved measurements by delaying the probe pulse in time. [115] [116] [117] [118] With such a setup, the dynamics of the molecules can be probed.
When the photons from the pump and Stokes laser drive rotational Raman transitions within a single vibrational band, the method is referred to as pure rotational CARS. On the other hand, vibrational CARS involves probing rovibrational Raman transitions. As an example, Figure 7 shows the pure rotational and the vibrational CARS spectra of molecular nitrogen. In fact, both diagrams show spectra simulated for two different temperatures in order to emphasize the sensitivity of the CARS spectrum to temperature changes. Therefore, nitrogen CARS is a wellestablished thermometry tool. 119 As aforementioned, a key feature of nonlinear optical diagnostics is the coherent signal that allows the suppression of interferences. Furthermore, the optical accesses to the object of investigation may be as small as a few millimeters to allow the laser beams to enter and the signal to exit. 120 Hence, CARS has been applied to a number of quite challenging combustion environments. For example, temperature and species measurements inside internal combustion engines have been conducted. The first engine thermometry applications have been demonstrated in the late 1970s by Stenhouse 121 and early 1980s by Klick. 122 More recently, Ewart et al. 123 investigated the influence of the fuel on the burnt gas temperature. Bengtsson et al. measured the temperature and the relative oxygen-nitrogen concentrations during the compression stroke in a natural gas fired spark-ignited IC engine. 124 They also studied the influences of mixture composition and exhaust gas recirculation (EGR) on the knock behavior. 125 Weikl et al. performed simultaneous measurements of the local temperature and EGR rate during the compression stroke in a homogeneous charge compression ignition (HCCI) engine. 126 The mixture formation inside an evaporating fuel spray is another challenging system related to combustion. In such a spray, the liquid fuel is atomized and the resulting droplets then evaporate to yield a combustible fuel/air mixture. It is needless to say that the heterogeneity and dynamics of a fuel spray represent a difficult environment for optical diagnostics. This is particularly true for linear optical techniques such as spontaneous Raman scattering because the interaction of the laser with the macroscopic droplets results in vast amounts of elastically scattered light obscuring the weak desired signal. To overcome this problem, Beyrau et al. developed a mechanical approach to spectral filtering based on a double monochromator. 127 This method allowed the efficient reduction of elastically scattered light and enabled pure rotational CARS temperature measurements in a liquid iso-octane spray. Weikl et al. 128 extended this technique and applied spontaneous Raman scattering spectroscopy simultaneously to obtain temperature and mixture composition measurements.
Coherent anti-Stokes Raman scattering was also used to investigate other technically relevant and practical combustion systems. In many of these systems, a major challenge is the presence of soot particles and other particulate matter. Not only does soot yield large amounts of elastically scattered light, it can cause further interferences through laserinduced incandescence (LII) 11, 129 or laser-generated species like C 2 radicals. 130, 131 Over the past 15 years, CARS has been established as a versatile tool for sooting combustion environments. [132] [133] [134] [135] For example, Aldén and Wallin 136 applied CARS to an industrial coal furnace. Braeuer et al. 137 performed temperature and oxygen concentration measurements in an automotive auxiliary heating combustor operated with dodecane and diesel fuels. Kearney et al. used CARS for temperature measurements in a pool fire. 133 The flame of a spray pyrolysis reactor for the generation of nanoparticles is another challenging environment, where CARS thermometry could be accomplished in the presence of droplets and particles. 138 Besides the presence of soot, highly turbulent environments such as those in most aerospace applications pose a challenge to optical diagnostics. 139, 140 Bédué et al. 141 used vibrational CARS for temperature and oxygen concentration measurements in a model turbo machine combustor. The same method was used by Eckbreth et al. 142 in jet engine exhaust gases. They obtained temperature measurements and detected oxygen, water, and carbon monoxide. Danehy et al. carried out a number of studies in which CARS was applied to supersonic flows. [143] [144] [145] Clauss and collaborators applied hydrogen CARS thermometry to combustion systems of relevance to rocket engines. For example, they studied cryogenic liquid oxygen (LOX) and gaseous oxygen-fed hydrogen [146] [147] [148] and hydrocarbon 147, 149, 150 flames operated under rather extreme conditions, i.e., pressures as high as 20 MPa and temperatures as high as 3000 K. Similar temperatures were measured in the jet flame of a staged oxy-fuel burner of a large-scale industrial furnace fueled with natural gas. 151 Kampmann et al. 152 used vibrational CARS in a highly turbulent swirl flame. The results were utilized to calibrate the data from planar laser Rayleigh scattering in order to obtain a 2D temperature distribution. Recent years have seen steps towards direct one-dimensional (1D) and 2D CARS measurements in reacting flows. Bohlin and Kliewer [153] [154] [155] [156] are pioneering these developments, and applications to practical combustion systems are becoming feasible. For example, the use of 1D-CARS to investigate the behavior of a jet flame impinging on a solid wall was demonstrated. The great advantage of 1D-CARS over traditional point wise measurements is that correlated data can be acquired simultaneously. Consequently, it is possible to study transient gradients and phenomena such as the normal temperature profile at the wall in the presence of a turbulent flame. 157 Another highly interesting development is the move into the time domain in terms of measurements at high repetition rate. In conventional nanosecond CARS, the repetition rates were of the order of tens of Hz. This means that two consecutively recorded signals from a non-stationary environment are not correlated with each other. In other words, it was only possible to gain statistical information. Over the past decade, CARS has been experiencing a renaissance when ultrashort pulsed lasers became available and sufficiently robust. These lasers often operate at high repetition rate, i.e., kHz to MHz. [158] [159] [160] [161] [162] Hence, correlated data can be acquired and it has become possible to monitor turbulent flows and single, transient phenomena. 163 A big step into this direction was the recent development of burst mode lasers that produce a reasonable number of high energy laser pulses as a burst. 164 
Laser-Induced Grating Scattering (LIGS)
The other nonlinear optical method to be discussed is LIGS. Initially, LIGS has been observed as an interference in DFWM experiments, 165, 166 but in the last two decades it evolved as a versatile diagnostic tool on its own. In a typical LIGS experiment, two equally polarized pump laser beams from the same pulsed laser source are crossed to generate an interference pattern, as indicated in Figure 8 . From this intensity pattern, the actual laser-induced grating evolves as a spatially periodic modulation of the complex refractive index. The main grating formation mechanisms are electrostriction and thermalization of absorbed light energy due to collisions. This gives rise to electrostrictive and thermal gratings, respectively. Electrostriction is the deformation of dielectric materials in the presence of an electric field. As a result, a medium becomes denser in regions of a high electric field strength. Consequently, the interference pattern is converted into a local modulation of the density and hence a modulation of the refractive index. On the other hand, if the molecules in the medium absorb photons of the pump laser radiation, the interference pattern is converted into a population grating. Thermalization of the absorbed energy via collisions leads to a temperature and thus a density and refractive index modulation. The induced density modulation causes two counter-propagating acoustic waves to be generated perpendicular to the planes of the fringes of the pattern. This results in a standing acoustic wave that oscillates with a frequency depending on the geometry of the grating and the speed of sound of the medium. The oscillation decays exponentially as the sound waves leave the interference pattern and/or they are attenuated by viscous sound attenuation. Two further effects need to be considered for thermal gratings. The molecular collisions determine how the thermal grating is initially formed and the diffusion governs its decay. A detailed description of the mechanisms can be found in the literature. 95, 112, 167 In order to probe the dynamics of such a transient grating, a third beam, often referred to as the probe beam, from a continuous wave laser is overlapped with the pump beams fulfilling the Bragg condition. The photons Bragg scattered off the grating represent the LIGS signal, which is indicated as a dotted arrow in Figure 8 . It can be detected with high temporal resolution using a photomultiplier tube or a fast photo diode. The LIGS signal is very rich in information and can provide measurements of the temperature, 168, 169 the chemical composition, 170, 171 the speed of sound, 172, 173 the thermal diffusivity, 174, 175 and the viscosity. 176 Figure 8 . Schematic of the LIGS process (left). The red arrows represent the pulsed pump lasers and the green arrow denotes the continuous wave probe beam. The diagram on the right displays a typical LIGS signal.
Compared to CARS, laser-induced grating methods have been applied to combustion-related systems to a very limited extent. Seeger et al. 170, 177 measured the local equivalence ratio as a function of time after the start of injection in a propane gas injection process. At high fuel concentration, the grating oscillation period was utilized to derive composition information, while at low propane concentration the ratio between electrostrictive and thermal signal contributions was the measure of choice. Roshani et al. 178 extended this signal evaluation strategy to obtain simultaneous temperature and fuel/air ratio measurements in a propane spray. Most of the LIGS combustion studies to date, however, involved non-sooting flames. Williams et al. 179 generated thermal laser-induced gratings by exciting OH radicals in hydrogen flames. A similar approach was used by Latzel et al. 180 to study methane/ air flames. Fourkas et al. employed two picosecond lasers to resonantly pump and probe sodium atoms seeded into hydrogen and methane flames. 181 Hell et al. 182 utilized the absorption band of water around 1 mm to obtain laserinduced thermal gratings in a H 2 /air flame. Methane/air flames were studied by Hart et al., 183 Hemmerling et al., 184 and Stampanoni-Panariello et al. 185 All these works employed pump laser sources in the UV, visible, or near-infrared (NIR) spectral range. Recent developments by Li et al., [186] [187] [188] however, moved the pump wavelengths towards the mid-IR. Mid-IR LIGS is a particularly interesting approach when realized with a tunable laser source as this enables the acquisition of spectra by scanning the laser. At first glance, this appears trivial and not an advantage over other mid-IR FWM methods. However, a key benefit of IR LIGS is that the probe laser wavelength can be chosen independent of the pump laser. As a consequence, the mid-IR spectrum can be scanned while the signal is detected in the UV, visible or NIR range. This is a huge benefit as the photodetectors in these ranges are substantially more sensitive and less susceptible to thermal background radiation than IR detectors. For completeness, we note that the earlier IR LIGS work by Gutfleisch et al. 189 utilized the long and non-Gaussian pulses from a CO 2 laser with fixed wavelength; hence not allowing to carry out spectroscopy experiments.
More challenging combustion systems such as sooty flames and combustion engines have been studied with LIGS techniques as well. Hemmerling and Stampanoni-Panariello developed a 2D LIGS method to image a sooty acetylene/air flame. 190 Their setup, however, did not allow recordings of time-resolved data and hence it was not possible to make use of the rich information contained in the grating dynamics. Brown et al. 191, 192 recorded such time-resolved LIGS signals from sooty flames. Analyzing the acoustic modulations during the first 100 ns after the pump pulses allowed them to derive temperature information in ethylene/air flames. 191 Williams et al. 168 applied LIGS to an internal combustion engine. They achieved high precision in-cylinder gas thermometry, which allowed them to quantitatively assess the evaporative cooling with gasoline/alcohol blends. Another exciting application was the use of electrostrictive LIGS in a rocket engine nozzle by Hemmerling et al. 193 The heterodyne detection technique enabled the characterization of the flow velocity field in the plume of the rocket nozzle.
Combined Linear and Nonlinear Methods
Provided that sufficient optical access is available to the object of investigation, nonlinear optical techniques can be applied together with their linear counterparts. Such experiments are particularly interesting as they allow obtaining additional information at reasonable or no extra cost. The FWM signal can be detected in the conventional manner. The linear signal, i.e., typically either the Raman scattering or the laser-induced fluorescence emission, is emitted isotropically into a 4p sphere. Hence, part of the signal can be collected in direction perpendicular to the laser beams, and be analyzed in a spectrometer.
Most studies combined LIF with nonlinear methods such as degenerate FWM, 101, 140, 165, [194] [195] [196] [197] [198] [199] [200] [201] [202] PS, [203] [204] [205] LIGS, 206 TC-FWM, 207 and six-wave mixing. 208 The benefit of combining these electronically resonant techniques with fluorescence spectroscopy is that the underlying processes are governed by different line broadening mechanisms. Hence, the comparison of the data sets can deliver additional information about collisional processes and Doppler broadening. On the other hand, Raman scattering has been combined with CARS. This combination is advantageous as the CARS signal allows a highly accurate temperature measurement, while the Raman signal facilitates the simultaneous detection of virtually all molecular species. Simultaneous measurements of the temperature and the chemical composition are of great importance in the characterization of non-stationary combustion and spray systems. Weikl et al. 128 combined pure rotational CARS and Raman spectroscopy to simultaneously determine the fuel evaporation and evaporative cooling in an injection process of liquid propane. The key in their approach was to select the laser wavelengths such that none of the signals coincided with any of the laser wavelengths to avoid interference from elastically scattered light. This was possible using the dual-broadband technique, which allows an arbitrary selection of the pump and Stokes laser wavelength. 209, 210 Becker and Kiefer transferred this approach to the combination of vibrational CARS and Raman 211 to enable similar measurements under flame conditions at high temperature, where pure rotational CARS would have some limitations. 119 
Flow-Field Diagnostics
High-speed flows, especially in supersonic and hypersonic range, are of particular interest in various aerospace applications. Visualization of the high-speed flow fields is advantageous in aerospace system design and model validation. Laser-based techniques, such as PIV and LDA, can achieve non-intrusive diagnostics of the high-speed flow field, providing high spatially and temporally resolved flow velocities.
Particle Imaging Velocimetry
Particle image velocimetry is a powerful and commercially available technique to measure instantaneous velocity vectors of a flow. Planar PIV can usually show two velocity components for a planar cross section of a flow. 212 Stereoscopic PIV 213 employs a pair of cameras to capture the motion of tracer particles from two different angles and it can reconstruct three velocity components in a planar cross-section. With the development of tomographic PIV, 214 it is possible to measure 3D velocity vectors in a volumetric flow.
A schematic of the PIV experimental setup for a 2D planar measurement is shown in Figure 9 . The PIV system consists mainly of a double-pulsed laser, a camera imaging system, a particle seeder and data analysis algorithm. The double-pulsed laser with a short duration time ($10 ns) is aligned to form a laser sheet, and the delay time Át between the two separate laser pulses can be adjusted. One of the most frequently used double-pulsed lasers is the double-oscillator Nd:YAG laser. The double-oscillator laser system shares the beam combining optics and the frequency doubling crystal to make the alignments simple and to maintain the two laser beams collinear. The particle seeder is employed to generate tracer particles with a relative uniform size. The double-pulsed laser illuminates the tracer particles, which follow the motion of the flow. The camera imaging system can then collect the scattering light from the tracer particles. The camera captures a pair of particle images scattered from the first and the second laser pulse. The two image frames are divided into small interrogation cells, and the mean displacement Áx of particles in each interrogation cell can be obtained by employing a data analysis algorithm, such as cross-correlating analysis of the two image frames. The velocity can be determined by the ratio of the displacement Áx of particles and the delay time Át between the two laser pulses.
Particle image velocimetry has been used to investigate various flow phenomena, including subsonic, supersonic, and hypersonic flows, in the past few decades. [216] [217] [218] The main applications of PIV in the field of aerospace engineering are to measure the velocity vectors of supersonic and hypersonic flows for investigating wind tunnel facilities and interactions between shock waves and boundary layers. The main challenges in performing PIV measurements in the supersonic and hypersonic flows can be attributed to particles seeding, light source selection, and experimentally online alignments. First, the excessive mass rates can lead to low seeding particle densities and thus poor S/N ratios. In addition, the size of the seeding particles is a trade-off since it should be small enough to follow the motion of the high-speed flow, but big enough to enhance the light intensity scattered. Second, it is important to choose a suitable Figure 9 . A schematic of the PIV experimental setup for a 2D planar measurement. Reproduced with permission from Westerweel et al. 215 laser source by considering the pulse duration, the repetition rate, and the time separation between the two pulses. The selection of time separation depends on the flow velocity, and generally, time separation of 1 ms is reasonable for a $1 km/s flow. Short pulse duration ($10 ns) is required to reduce the blurring of the particle images. A high repetition rate is beneficial to acquire a large number of experimental images for flow statistics. Third, the lack of online alignment and the limited running time in wind tunnel facilities add the complexities of PIV applications in supersonic and hypersonic flows.
In spite of considerable difficulties in PIV applications to supersonic and hypersonic flows, significant progress has been achieved in the past few decades. Haertig et al. 216 used the PIV technique to study high-speed flows up to Mach 4.5 in a shock-tunnel facility. A double-pulse Nd:YAG laser (Quantel Twins) with a pulse energy of 150 mJ was employed to generate a 0.2 Â 300 mm laser sheet. The optimized TiO 2 seeding density was found to be about 10 000 particles/mm 3 , and 10-20 particles were present in each interrogation window (64 Â 64 pixels). It was shown that the average velocities (up to 1.5 km/s) measured by PIV agree well with calculated results. Schrijer et al. 218 applied PIV to investigate a Mach 7 double-ramp flow in a wind tunnel facility. TiO 2 seeding particles with a diameter of 400 nm were used to trace the flow motion. The seeding particles were illuminated by a double-cavity Nd:YAG laser (Spectra-Physics) with a pulse energy of 400 mJ. The time delay between the two separate laser pulses is 1 ms, which corresponds to about 1 mm particle displacement. The scattered light was captured by two CCD cameras with a field of view of 7.7 Â 5.8 cm 2 and 9.3 Â 5.8 cm 2 , respectively. The shock pattern and the features of the flow downstream can be identified by the mean velocity spatial distribution measured by the PIV technique. As shown in Figure 10 , the velocity results measured by PIV can enable the determination of the spatial distribution of Mach number. Shock wave angles measured by the PIV showed good agreement with theoretical results.
The test facilities usually have a limited running time, and thus a high repetition rate PIV system is required to obtain more experimental images for flow statistics. Bitter et al. 219 performed high repetition rate PIV measurements in a wind tunnel facility to study boundary layers and large-scale wake structures up to Mach 2.6. They used a diode-pumped Nd:YLF laser with a repetition rate of 1 kHz and a highspeed CMOS camera (Phantom V12) with a frame rate of about 6200 Hz, allowing 5000-10 000 image pairs to be recorded during the running time of the wind tunnel. Figure 11 shows the absolute normalized mean velocity field and distribution of the Reynolds shear stresses in the wake region of the rocket model for Mach 2.0. The spatial extension of the recirculation area in the wake can be observed, and it was found that the recirculation region extends far away from the model base.
Planar PIV techniques that were mentioned above can only measure two velocity components for a cross-section of a flow, whereas tomographic PIV can be used to show the instantaneous 3D velocity of volumetric flows. Avallone et al. 220 employed tomographic PIV to study the roughnessinduced transition in a hypersonic boundary layer at Mach 7.5. In their work, a 200 mJ/pulse Nd:YAG laser (Quantel Evergreen) and 400 nm TiO 2 seeding particles were used in the PIV setup. The time separation of the two pulses was 0.7 ms and the laser sheet thickness was 3 mm. The measurement volume was 31 Â 23 Â 2.5 mm 3 . The disturbed boundary layer showed two pairs of counter rotating vortices, and the velocity fluctuations in the streamwise direction were mostly dominating close to the vortices.
Particle image velocimetry can also be combined with other techniques, e.g., OH-PLIF and CH 2 O-PLIF, to simultaneously capture the flow velocity and other parameters of interest. Investigations using simultaneous LIF and PIV diagnostics of supersonic and hypersonic flows are quite demanding due to complex arrangements of the experimental system. However, these simultaneous diagnostic methods have mostly been employed to investigate subsonic flows and turbulent flames. Petersson et al. 27, 221 simultaneously measured flow velocity and OH distribution of a turbulent low-swirl flame using combined PIV and PLIF techniques, indicating both the reaction zone structure of the low-swirl flame and the flow velocity around the flame. Osborne et al. 222 carried out simultaneous tomographic PIV, OH PLIF, and CH 2 O PLIF measurements at 10 kHz in a turbulent flame. With the use of the complex system, the flame structure and dynamics from the corrugated flamelet regime to broadened/broken flamelet were observed, along with velocity vectors in a volumetric space. Further details about applications of PIV techniques in subsonic and supersonic flows can be found in the review papers by Adrian, 223 Estruch et al., 7 Campbell et al., 224 
Laser Doppler Anemometry
Laser Doppler anemometry, sometimes called laser Doppler velocimetry (LDV), is a well-established nonintrusive diagnostic method for measuring flow velocities. 224 Laser Doppler anemometry is a one-point technique, but it can provide flow velocity data with high accuracy and high spatial resolution. 226 It should be noted that LDA usually measures temporally resolved velocities in a single point while PIV shows instantaneous velocity vectors in a plane or a volume. A schematic of a typical LDA experimental setup is shown in Figure 12 . Two coherent laser beams are focused to intersect, forming a fringe pattern with periodic bright and dark stripes. The fringe spacing d f can be calculated using the laser wavelength and the intersection angle. Seeding particles pass through the fringe and scatter the light. The scattered light with a frequency of f D can be captured by a detector, which enables the flow velocity to be calculated using the product of the fringe spacing d f and the frequency f D .
The LDA technique has been used to investigate subsonic and supersonic flows in the past few decades, e.g., Barre et al., 228 Pietri et al., 229 Lacharme et al., 230 and Eklund et al. 231 However, LDA applications in hypersonic flows are rarely reported. 7 Multi-point LDA measurements for the 2D visualization of the velocity field were also conducted by Faure et al. 232 and Kerherve et al. 233 Faure et al. 232 implemented a two-component LDA measurement in an axial compressor stage for determination of its velocity field. They used a commercially available LDA system (Dantec) to conduct two-color, four-beam, and 2D measurements. An argon-ion laser tuned at 488 nm and 514.5 nm was employed in the LDA system. The average diameter of seeding particles was 1.068 mm, and the particle density was 1000 kg/m 3 . The velocity field of up to 32 axial locations from the rotor inlet to the stator outlet was measured to enhance the understanding the flow features in the axial compressor stage. Kerherve et al. 233 performed single and multipoint LDA measurements in a cold Mach 1.2 flow to investigate noise generated by turbulence mixing. Single-point LDA measurements indicated the mean velocity profiles (see Figure 13 ), turbulence intensity profiles and power spectral densities at different axial locations, whereas multi-point LDA measurements showed the longitudinal components of two-point velocity correlation tensor. Further detailed reviews of LDA techniques can be found in the papers written by Estruch et al., 7 Campbell et al., 224 Hassel et al., 226 and Tropea. 234 
Tomography Techniques
Many optical diagnostic methods for different kinds of aerospace engineering applications are introduced above. However, significant challenges are encountered when multi-dimensional measurements are at stake. Multidimensional measurements have been long desired in the aerospace community to obtain important parameters for both reactive and non-reactive flows, and especially in turbulent conditions. Due to the nature of sensors (1D for absorption, 2D for camera CCD or CMOS chip), Figure 13 . Mean velocity profile measured by LDA at different distance from the exit nozzle. Reproduced with permission from Kerherve et al. 233 high dimensional data cannot be recorded directly and instantaneously. Therefore, to obtain 2D measurements with 1D sensors, such as laser absorption techniques or 3D measurements with 2D cameras, is extremely complex.
There are three types of methods to achieve multidimensional optical measurements. The first method is to scan the laser beam or laser sheet so that 3D information for the combustion can be resolved by stacking 2D measurements taken at different times. [235] [236] [237] [238] This method is the most intuitive approach. Most experimental apparatus remain the same and usually a rotation mirror is installed to change the location of the laser beam or laser sheet. The advantages and disadvantages of such a technique are obvious. With a rotation mirror arrangement, taking planar LIF as an example, only one laser and one camera are required; therefore, the additional cost for this approach is low. Furthermore, images are obtained at the same spatial resolution as the 2D method, creating a good spatially resolved measurement. However, the most significant issue for the scanning technique is that the measurement is not simultaneous, i.e., the stacked 2D images do not necessarily reflect the instantaneous combustion. Usually the time gap between two adjacent images is on the order of microseconds, limited by the capacity of both lasers and cameras. However, the flame could change significantly during this time period, making the analysis of these measurements inherently flawed.
The second category of multi-dimensional measurements is tomography techniques, which will be examined and discussed in detail in this review. Originally used in medical applications, such as computed tomography (CT), tomography techniques are methods that ''reconstruct'' multi-dimensional measurements taken from multiple angles of the domain of interest (DOI) with a reconstruction algorithm. In comparison with scanning methods and traditional CT methods, tomography methods for combustion diagnostics utilize multiple sensors/cameras located at different locations to obtain all views simultaneously, which circumvents the fundamental flaws of scanning techniques. However, the usage of reconstruction algorithms significantly changes the spatial resolution of these techniques. Instead of being determined by the spatial resolution of the sensor/camera, the spatial resolution of reconstruction algorithms is largely decided by the discretization of the DOI and how many projections can be used as equations to solve these discretized unknowns. Furthermore, tomography methods would considerably increase the cost of the imaging systems since multiple cameras are usually mandatory.
The third method is using new sensors combined with numerical techniques to produce instantaneous measurements with better-defined spatial resolution. One example is using a plenoptic camera 239 which implements an array of micro-lenses in front of the sensor that capture both the intensity and the direction for light rays simultaneously.
Comparing with tomographic methods, the plenoptic camera approach reduces the complexity of the measurement system and can also accommodate limited optical access. However, a reconstruction algorithm is also needed for such measurements and at the current stage, the plenoptic camera approach can only succeed in particle reconstructions, such as PIV applications, 240, 241 while greater investigations are still needed to prefect the performance of the plenoptic approach.
To the authors' knowledge, to date there has been no satisfactory solution to performing multi-dimensional, highspeed, well spatially resolved, and instantaneous optical diagnostics, which has been long desired by combustion diagnosticians. 242 The research is still too immature to determine if the methods mentioned above, or a completely new method, will triumph in the long run. The authors believe that the tomography approach will play a significant role in pursuing the ultimate goal of performing multi-dimension optical diagnostics and that comparing with other approaches is also crucial. 243 This chapter will cover several key perspectives of the tomography approach such as reconstruction algorithms, experimental apparatus, and tomography applications in combustions.
Many of the traditional measurement sensors, such as thermocouples, pressure transducers, hot-wire sensors, etc., obtain local signals such as voltage and current, then these signals are correlated to find local temperature, pressure, or velocity. For such applications, no specific ''algorithm'' is involved. Performing planar (2D) LIF measurements is a similar scenario where the laser sheet is assumed to be significantly thin. However, there are also many measurements that represent information from multiple regions of the DOI. For example, when looking at a natural gas stove flame, the signal perceived by human eyes (or, for clarity, cameras) is neither a cross-sectional (slice) of the combustion, nor the surface of the flame. The signal is obtained by integrating a 3D flame into a 2D projection on the retina (or CCD/CMOS chip). We define such measurements as line-of-sight measurements. Figure 14 shows a Figure 14 . Schematic of light-of-sight measurement. Reproduced with permission from Ma et al. 244 typical line-of-sight measurement schematic in laser absorption measurements. 244 As seen in Figure 14 , the DOI was discretized into grids. In each grid, the laser absorption signal (attenuation) can be found as a function of local temperature, species concentration, path length within this grid, and other parameters. Then the actual signal obtained by the sensor is an integration of the absorption along the laser path.
Although line-of-sight measurements provide multidimensional information, it is impossible to directly invert line-of-sight measurements back to local measurements. Each line-of-sight measurement can be considered as an equation with multiple unknowns (local measurements of grids on the laser path). Therefore, the essence of any lineof-sight problem is to solve an equation system with local properties as unknowns and line-of-sight measurement as equations. Such practices sound quite intuitive and straightforward, however, the computational challenge is significant for solving a set of such equations. For example, in order to achieve a 1024 Â 1024 cross-sectional measurement, around 106 unknowns need to be solved and a similar amount of equations (projections) are necessary, which is a relatively expensive computational cost even for today. Furthermore, these equations are either linear or nonlinear, and with nonlinear equations the problem becomes even more challenging. Therefore, a robust and reliable reconstruction algorithm is highly demanded. The first numerical model for solving tomography problems was discovered by Radon in 1917. 245 He demonstrated that a cross-sectional measurement can be reconstructed given the integrated projections along any lines passing through this layer. Cormack 246 first considered and utilized Radon's work for medical diagnosis via transmission measurements. In 1973, Hounsfield 247 implemented this technology and invented the first CT scanner for which he was awarded the Nobel prize in 1979. Today CT have been developed into a relatively mature technique, and there are three categories of reconstruction algorithms widely in practice: analytical reconstruction algorithms; series expansion methods (also known as algebraic reconstruction); and statistical reconstruction techniques. 248 Analytical reconstruction algorithms consider the sought function (cross-sectional measurement) as a continuous function and measurements continuous as well, and an analytical form of solution is found for the integral equation. Algebraic reconstruction methods build the connection between sought function (F) and measured projections (P) by using a point spread function (PSF), which serves as a weighting matrix. Usually the relationship can be expressed with a simple linear form P ¼ F*PSF. In some cases, however, the equations could be nonlinear. Due to the tremendous size of the equation system, iterative algorithms such as algebraic reconstruction technique (ART) 249 are used to solve for discretized F. It is worth noting that iterative reconstruction algorithms, such as ART, are essentially discretized forms of inverse Radon transformation with limited number of views. Statistical reconstruction techniques reconstruct the sought function by evaluating the possibility of obtaining the projection P with an assumed sought function F. During this process, iterative steps are also taken. For statistical reconstruction techniques, essentially they convert the reconstruction problem into a minimization problem
in which the goal of statistical reconstruction techniques is to minimize the difference f between measured projections and simulated projections. It is worth noting that all methods are pursuing the same goal in different ways. For medical applications, analytical reconstruction algorithms dominate because the computational cost for algebraic reconstruction methods and statistical reconstruction method is forbiddingly high. While for combustion diagnostics applications, analytical reconstruction algorithms are not applicable because only a very limited number of views can be obtained from the measurement, caused by limited optical access and complexity of the system. The scanning time for CT scanner is usually on the level of seconds, which is appropriate for medical diagnosis. However, it is not practical to scan the flame since the flame, and especially a turbulent flame, is transient. Hence, measurements must be accomplished within microseconds. Some preliminary investigations used a single camera and a rotational symmetry assumption to reconstruct cone flames with analytical algorithms such as filtered back projection (FBP), 250 but the application of such methods is limited. For flames of practical use, a number of cameras, usually four to eight, are used for combustion diagnostics purpose and algebraic reconstruction and statistical reconstruction methods are preferred.
There have been many studies about performing multidimensional, high-speed measurements with combustion tomography techniques. Floyd et al. 251, 252 performed a computer tomography of chemiluminescence (CTC) study to reconstruct a laminar matrix flame and a turbulent opposed flame. The first investigation used 48 views by rotating the camera to obtain a high-resolution reconstruction of a matrix burner with 21 laminar diffusion jets, and the second investigation utilized 5 PicSight P32M cameras and mirrors to provide ten simultaneous views to reconstruct a turbulent opposed flame with ART algorithm. Ishino et al. 253, 254 pursued the same goal reconstructing a turbulent jet flame with a customized 40 lens camera by using maximum likelihood expectation maximization (MLEM) algorithm. These studies require all the cameras in the same plane (co-planar). Ma et al. 243, [255] [256] [257] [258] [259] modified the CT algorithms so the cameras can be located at arbitrary locations. Different algorithms such as ART algorithm and simulated annealing (SA) algorithm were selected for tomography reconstruction and flames from premixed, patterned McKenna flame ( Figure 15 ) to turbulent, diffusion Vshape flame (Figure 16 ). In Kang et al., 258 fiber optics endoscopes were implemented to overcome the traditional issues for combustion tomography techniques in the aspects of optical access and equipment costs.
Other than 3D flame reconstruction, tomography techniques have also been frequently utilized combined with laser absorption techniques. Tunable diode laser absorption spectroscopy (TDLAS) 260, 261 are typically used to measure line-of-sight temperature and species concentration and the most representative methods are direct absorption 262 and wavelength modulation spectroscopy (WMS), 263, 264 depending on the strength of the absorption signal. In order to utilize TDLAS for 2D temperature and species concentration measurements, multiple laser projections (each with an array of paralleled laser beams) are used and then temperature and species concentrations are given by inversion algorithms. 265, 266 In traditional TDLAS methods, only one or two wavelengths are analyzed. For such arrangements, the equations generated are not enough to solve the equation system unless a great number of projections are implemented. This results in a significant increase in the complexity and cost of the measurement system. To overcome such limitations, more wavelengths are carried by each laser beams and considered to provide more equations but make the equation system highly complex and nonlinear. A robust inversion algorithm, such as simulation annealing (SA) algorithm or genetic algorithm (GA), is then used to reconstruct 2D temperature 256 and species concentration. Such a method (hyperspectral tomography) has been successfully implemented in many instances, [267] [268] [269] including a 50 kHz 2D measurement of a GE J-85 jet engine exhaust ( Figure 17 ). 244 
Conclusion
This article has introduced and reviewed selected optical methods for applications in combustion and aerospace engineering.
Planar LIF is a very versatile nonintrusive laser-based diagnostic tool for in situ measurement in gas phase. The fluorescence signal has the advantage being a result of a resonant transition and could therefore rather straight forward be identified and discriminated against other laser-induced signals. In addition, some molecules have rather high absorption cross-sections, enabling minor species detection and/or a rather large field of view with acceptable S/N ratios. Laserinduced fluorescence thermometry can be performed at high temperatures using atomic seeding (or some other rather stable species) or by utilizing combustible species and at lower temperatures using molecular seeding. Tracer molecules can also be seeded into flows for studies of turbulence and gas mixing.
Spontaneous scattering processes such as Rayleigh or Raman scattering can be used for thermometry. Rayleigh scattering has a larger cross-section than Raman scattering and is therefore possible to use in temperature fields simply by utilizing the ideal gas law. Raman spectroscopy, on the contrary, is mostly performed as point measurements. The spectral shift of the signal with respect to the excitation wavelength provides an advantage when temperature measurements are performed in harsh conditions with severe laser scattering due to, for example, particles or surfaces. In addition, Raman scattering can be used to determine the chemical gas composition since the spectral signature from the molecule is seen in the signal. Though concentration measurements are rather straightforward to carry out, the intensity of the Raman signal is most often very weak and is therefore mostly used to measure major species.
Nonlinear optical methods in terms of CARS and LIGS are particularly beneficial when the optical access to the experimental object is limited. A key feature of these techniques is that the signal is generated as a coherent, laser-like beam. Hence, it can be detected by optics with low numerical aperture and, in addition, interferences can be blocked by spatial filtering. Both CARS and LIGS present highly accurate tools for thermometry and, to some extent, for species concentration determination. The move towards high-repetition rate lasers with ultrashort pulse durations in the last decade has opened up new directions for nonlinear methods. Future developments seem to proceed on this road tackling the challenges of realizing multi-dimensional approaches from these initially pointwise techniques.
Particle imaging velocimetry and LDA are well established and commercially available techniques for nonintrusive flow-field diagnostics. Particle imaging velocimetry and LDA have shown their significant potentials in measuring the velocity field of supersonic and hypersonic flows for the investigation of wind tunnel facilities and interactions between shock waves and boundary layers. However, applications of PIV and LDA to supersonic and hypersonic flows are still challenging due to high mass flow rate, short running time, and limited optical access in test facilities. Special care should be taken to the selection of seeding particle size, seeding particle density, and light source. The combination of PIV or LDA with other laser-based techniques, such as PLIF, is promising to offer simultaneously multi-parameters of flows and combustion. High-repetition-rate PIV, tomographic PIV, and two-color, multi-point LDA should be further developed for acquisition of more experimental data for flow velocity statistics and for multi-dimensional visualization of the flow field.
For multi-dimensional, high-speed laser diagnostics, tomography techniques have been utilized to perform various successful investigations. Currently, tomography methods have mainly been used in combination with laser absorption techniques and chemiluminescence for temperature, species concentration, and flame structure analysis. Currently there is an increasing need to combine tomography techniques with LIF to perform 3D intermediate radical concentration study, and such study is mainly limited by hardware (for example, laser pulse energy, laser frame rate, and fluorescence signal strength). Furthermore, the needs for developing a fast (in situ) and robust reconstruction algorithm have always been strong. These two problems, if properly solved, would definitely bring combustion diagnostics, especially multi-dimensional measurements, to a new level.
From this review, it is quite clear that there are a number of laser-based diagnostic tools that are suited for aerospace engineering and also that a lot of work has been done over the past decades. However, lasers with highrepetition rates in combination with high-frame-rate CMOS cameras has opened up the temporal dimension for investigating chemistry and fluid dynamics in transient flows. For reactive flows, such measurements are of particular interest when different measurement approaches are being combined to simultaneously study thermochemistry and fluid dynamics. The combination of flow-field dynamics with species distributions of combustion species and temperature fields gives unique insight in the interaction between turbulence and combustion. In addition, issues in 2D data such as out-of-plane motions are being addressed with the development of tomographic methods that further completes the picture.
